Dynamic protein-protein interactions are a key component of biological regulatory networks. Dimerization events-physical interactions between related proteins-represent an important subset of protein-protein interactions and are frequently employed in transducing signals from the cell surface to the nucleus. Importantly, dimerization between different members of a protein family can generate considerable functional diversity when different protein combinations have distinct regulatory properties. A survey of processes known to be controlled by dimerization illustrates the diverse physical and biological outcomes achieved through this regulatory mechanism. These include: facilitated proximity and orientation; differential regulation by heterodimerization; generation of temporal and spatial boundaries; enhancement of specificity; and regulated monomer-todimer transitions. Elucidation of these mechanisms has led to the design of new approaches to study and to manipulate signal transduction pathways.
INTRODUCTION
Specific protein-protein interactions are essential for almost all biological processes. Many of these interactions are highly stable, such as the interaction between the subunits of hemoglobin or between trypsin inhibitor and trypsin. Others interactions are dynamic, including recognition events that lead to phosphorylation, nucleotide exchange, and proteolysis. A subset of protein-protein interactions is dimerization, which can be defined as a protein-protein complex composed of two related subunits (1) .
Dimerization is a common theme in the regulation of signal transduction, and this review focuses on events in eukaryotic signal transduction processes that involve dimerization. We limit our discussion to dynamic dimerization-those situations where the dimerization event itself is part of a decision point in the signaling process. Thus, we do not include in our discussion proteins such as the antibody molecule, which is an obligate disulfide-bonded (covalent) dimer. While dimer formation is key to antibody function, the dimerization event is not the interpretation of a particular signal. We begin by discussing the functional consequences of dimerization, and then we describe specific molecules that homodimerize or heterodimerize in response to a given signal. We conclude with examples of how elucidation of dimerization events in biology has led to the design of new ways for researchers to study and to manipulate signal transduction.
FUNCTIONAL CONSEQUENCES OF DIMERIZATION
Dimerization represents a powerful and flexible regulatory mechanism that can achieve a variety of consequences. Below are discussed broad categories of regulatory strategies achieved through dimerization; these are outlined in Table 1 . The reader should note that these strategies are not mutually exclusive within a given system. 
Proximity and Orientation
When proteins dimerize, they are brought into proximity with one another; for enzymes, this may allow them to act in trans on one another. The most common example of this strategy is the dimerization of cell surface receptors, such as the TGF-β receptor or the EGF receptor, which activate intracellular signaling pathways. These receptors often posses intracellular kinase domains that phosphorylate the dimer partner when brought into proximity by binding ligand via their extracellular domains (2) . Moreover, ligand-induced dimerization of cell-surface receptors can bring into proximity proteins associated with these receptors. For example, the cytokine receptors have kinases noncovalently bound to their cytoplasmic domains, and these transphosphorylate upon receptor dimerization.
The role of proximity in a cell is probably more important than generally appreciated. In solution, the probability of an interaction between any two molecules, such as an enzyme and its substrate, is a third order function of the distance between them. This factor makes the enhancement by proximity a powerful regulatory influence. The proximity effect is also enhanced by the viscosity of the cell interior, which limits rates of diffusion over even short distances. These two physical characteristics mean that reactions within a cell can be very slow if the interactions between two proteins depend on simple diffusion. Therefore, a mechanism that brings two partners together can effectively activate them.
It should be noted that in addition to bringing molecules closer together, dimerization may further enhance reaction rates by placing substrates and active sites in favorable orientations. Examples of this aspect of reaction kinetics are common in chemistry, where the concept of effective molarity originated to describe this phenomenon. A biological example of the importance of orientation is activation of signaling by the insulin receptor, which is a disulfide-bonded dimer on the cell membrane and may require reorientation by ligand binding to initiate signaling. Prior to ligand binding, the two chains of the insulin receptor have a high local concentration relative to one another; however, they likely have a low effective molarity and hence do not signal until ligand is bound. Thus, the increase in catalysis rates associated with many dimerization events may reflect changes in both local concentration and orientation.
Differential Regulation by Heterodimerization
Dimeric proteins often belong to extended families whose members are capable of cross-dimerization. When a protein subunit has multiple dimeric partners, the different dimeric species may have distinct functions. In this case, the relative concentration of these proteins in the cell and the relative strengths of their interactions determine the major dimeric species and thus the biological outcome (3) . This response to protein levels can also generate a timing mechanism, as dimerization can create a sharp temporal response to changes in protein concentration. As the total protein accumulates as a linear function, the oligomer concentration increases as a geometric function, which depends on the order of the oligomerization. As a result of this threshold effect, the activity of a protein can rapidly respond to subtle changes in protein concentration.
One specific category of differential regulation by dimerization involves "poison subunit" or "dominant negative" partners. These terms refer to dimerization partners that retain the dimerization domain but are missing a key functional domain. Hence, while these proteins are functionally neutral as monomers, they can form nonproductive complexes with partners containing the functional domains, thereby acting as negative regulators. The result of introducing a functionally inactive but dimer-competent protein partner within a cell will depend on the ratio of the dimerization affinities to the concentration of the inactive partner. A well-characterized poison subunit is the protein Id, a negative regulator of the transcription factor MyoD. Id contains the necessary dimerization domains to interact with MyoD; however, it lacks a functional DNA-binding domain (4) . Therefore, Id:MyoD oligomers cannot bind DNA. Similarly, the Drosophila protein Extramacrochaetae (Emc) antagonizes the activities of the Achaete and Scute transcription factors in a dose-dependent manner by the formation of inactive heterodimers. The mutant phenotype and expression pattern of the emc gene strongly suggest that it plays an essential early role in defining territories of bristle-forming potential by controlling the function of the Achaete Scute complex (5, 6) . Thus, the regulated expression of inactive dimerization partners can be employed to create sharp temporal and spatial boundaries, similar to those described above.
Enhanced Specificity
Dimerization of a protein generally results in the formation of an enlarged interaction surface, relative to the monomer. The enlarged surface area of the dimer provides increased potential for protein-protein or protein-DNA interactions. Additionally, different heteromeric species may have distinct binding specificities. For example, transcription factors that dimerize achieve a higher DNA binding affinity and specificity as twice as many base pairs can be recognized relative to binding of a single subunit. Furthermore, different heterodimers may have distinct DNA-binding specificities. Thus, a Fos-Jun heterodimer has distinct binding site preferences compared to an ATF-Jun heterodimer (7) .
Dimerization is a more efficient means of increasing specificity than increasing the size of the protein monomer; this conclusion is best illustrated by protein-DNA interactions. Simply doubling the size of a transcription factor to increase the number of contacts made with the DNA not only would lead to increased affinity for the specific binding site, but also would lead to increased affinity for nonspecific sites. This would result in a kinetic barrier to specific binding (8) . However, cooperative DNA binding by protein dimers allows the size of the DNA recognition element to be doubled without paying a kinetic price. Dimerization between DNA binding proteins results in cooperative DNA binding, provided that the dimerization constant exceeds the DNA-binding equilibrium constant. Cooperative binding is manifested as a sigmoidal binding curve since the free oligomer remains largely dissociated at protein concentrations at which DNA binding occurs.
Regulated Monomer-to-Dimer Transitions
The monomer-to-dimer transition itself can be a regulated process that is the rate-limiting step for activation. For instance, there are proteins that, in response to a change in calcium levels, undergo significant conformational changes and dimerize to form an active complex. These include E-cadherin, a cell matrix protein, and synaptotagmin, a vesicular protein. For the STAT proteins and the SMAD proteins, it appears that phosphorylation regulates their oligomeric state. In all of these examples, the monomeric form of the protein is inactive but becomes active immediately upon dimerization (these are discussed in further detail below).
EXAMPLES OF DIMERIZATION IN SIGNAL TRANSDUCTION
To illustrate the strategies in protein dimerization that have been outlined, specific examples of dimerization in signal transduction are presented below. As a comprehensive discussion of all known regulatory dimerization events is beyond the scope of this review, this discussion is limited to some of the more prominent or instructive examples in higher eukaryotes, specifically focusing on how dimerization plays an important role in their regulation.
Cell Surface Receptors
Cell surface receptors anchored in the membrane with a single transmembrane domain appear to be primarily activated by ligand-induced dimerization or oligomerization. These molecules do not readily dimerize on their own but are brought into close proximity through mutual interactions with an extracellular ligand.
This a cytoplasmic domain that either possesses kinase activity itself or is associated with a protein kinase. Three general lines of evidence suggest that these receptors are activated by a monomer-to-dimer transition. Perhaps the best evidence for a dimerization mechanism of activation is that ligand binding leads to receptor dimerization. A second compelling line of evidence is that dimerization artificially induced (by antibodies or other means) or resulting from naturally occurring mutations, recapitulates signaling in the absence of the physiological ligand (9, 10) . Finally, oligomerizing the intracellular regions of receptors with cell-permeable synthetic ligands can lead to signaling (11) . The outcome of dimer formation is protein phosphorylation-very often cross-phosphorylation of the linked receptors-which leads to downstream signaling events.
Ligands can induce receptor dimerization by a variety of mechanisms. Several of the extracellular ligands are themselves dimers and thus contain two surfaces for receptor binding. For example, PDGF is a disulfide-bonded dimer with three different isoforms: A chain homodimers, B chain homodimers, and AB chain heterodimers. The A chain binds α receptors with high affinity, while the B chain can bind both α and β receptors with equal affinity. Thus, AA produces α-α receptor homodimers, AB produces α-α homodimers and α-β heterodimers, and BB produces all possible combinations (12) . In contrast, monomeric hGH uses two different sites on its surface to contact two receptor molecules, thus forming a 1:2 ligand:receptor complex (13) . Another interesting case is that of acidic fibroblast growth factor (aFGF). aFGF is itself a monomer and incapable of inducing dimerization of its receptor, but forms a multivalent complex with heparin sulfate proteoglycans that can in turn bind two or more receptors (14) . TNF-β is a trimeric ligand, and the crystal structure contains three TNF receptor molecules bound symmetrically to one TNFβ trimer (15) .
In some cases, dimerization is further stabilized by ligand-independent receptor-receptor interactions. For example, biophysical studies of stem cell factor-1 (SCF-1) did not detect an intermediate complex with a single Kit receptor bound, arguing that receptor-receptor interactions may participate in Kit dimerization to some extent (16) . Likewise, the crystal structure of the human growth hormone receptor:hGH complex also revealed extensive receptor-receptor interactions in addition to ligand-mediated interactions (17) . Alternatively, the crystal structure of the IFNγ -receptor complex shows that the dimer is solely stabilized through ligand-mediated interactions-the two receptor molecules do not interact with one another and are separated by 27å at their closest point (18) .
Below we discuss categories of receptors that require dimerization or oligomerization for activation. These include protein tyrosine kinase receptors, cytokine receptors, TNF family receptors, TGF-β family receptors, and antigen receptors. Specific examples from each of these families are described below to illustrate the varied use of dimerization in receptor activation. TYR KINASE RECEPTORS The tyrosine kinase receptors are comprised of an extracellular ligand-binding domain, a single transmembrane domain, and an intracellular, cytosolic kinase domain. Subfamilies within this group include the PDGF receptor family, the EGF receptor family, and the FGF receptor family. Dimerization induced by binding an extracellular ligand brings two kinase domains in close proximity, allowing one receptor in the dimer to phosphorylate the other. Of the two types of phosphorylation sites characterized, one type, phosphorylation, occurs on a tyrosine inside the catalytic domain. This leads to an increase in the kinase activity and preceeds phosphorylation of other sites in the receptor or subsites. For the other type, phosphorylation occurs on sites localized outside the kinase domains and serves as docking sites for downstream signal transduction molecules containing SH2 domains (2) .
Although the first studies of ligand-mediated receptor dimerization involved homodimerization of protein tyrosine kinase receptors, subsequent studies have indicated that heterodimerization is also very common. Often when receptors heterodimerize, one partner has low kinase activity and serves as an important substrate for the more active member of the dimer (19) . For example, the receptor ErbB3 has low kinase activity and cannot transduce signals as a homodimer; however, it can form heterodimers with other receptors in the EGF family to generate a strong ligand-induced response (20) .
CYTOKINE RECEPTORS The cytokine receptors are distinguished from the protein tyrosine kinase receptors by the fact that they do not themselves contain kinase domains and share only limited stretches of sequence homology in their cytoplasmic domains. Rather, they have a kinase associated with the intracellular, cytoplasmic domain. These are referred to as the Janus kinases (JAKs). To date, the JAK family consists of four members, JAKs 1-3, and TYK2. For this class of receptors, ligand binding and subsequent dimerization bring these associated kinases into proximity, resulting in cross-phosphorylation of the kinases (as well as the receptor components) (21) . This phosphorylation increases the activity of the JAKs which subsequently phosphorylate members of a family of transcription factors known as the STATs (signal transducers and activators of transcription). The ligand induced dimerization appears to have two purposes: to bring the JAKs into proximity and allow transphosphorylation, and to form a scaffold for the binding of STAT proteins.
Cytokine receptors commonly have a ligand-binding subunit that forms a heterodimer with a nonbinding subunit that has signaling capabilities. For example, IL-6, IL-11, leukemia inhibitory factor, oncstatin M, and ciliary neurotrophic factor all share gp130 as a signal-transducing receptor component (22) . Likewise, the GM-CSF, IL-3, and IL-5 share a common βc subunit, while IL-2, IL-4, IL-7, IL-9, and IL-15 share a common γ c subunit (22 presence of shared subunits suggests that signal transduction through these receptors will proceed, at least in part, through the activation of common JAK family members (23) .
There are also examples of cytokine receptors in which each subunit binds ligand and that are activated by homodimerization. These include the receptors for human growth hormone, erythropoietin, prolactin, and granulocyte colonystimulating factor.
TGF-β FAMILY The TGF-β family of cytokines and the related activins and bone morphogenic proteins are disulfide-linked dimers that signal by simultaneously contacting two transmembrane serine/threonine kinases known as the type I and type II receptors (24) . The type II receptor contains a constitutively active kinase. This receptor first binds TGFb, and this receptor-ligand complex subsequently recruits the type I receptor, forming an oligomeric complex that is likely a heterotetramer. The type I receptor is then serine and threonine phosphorylated, thus activating its kinase activity and leading to the initiation of cytoplasmic signaling events (25) . Since the type II receptors are required before the type I receptors, one may think of these components as primary receptors and transducers, respectively. This sequential activation mechanism allows for the generation of combinatorial diversity: Different type II receptors can pair with different type I receptors, so that a given ligand is capable of generating varied responses (24) . The downstream targets of the TGF-β-family receptors are the recently identified Smad proteins, which themselves undergo dimerization upon phosphorylation by the receptor (discussed below).
TNF RECEPTOR FAMILY The TNF receptor subfamily of cytokine receptors includes among its members TNFR-1, TNFR-2, Fas, CD40, and the NGF receptor. Like the cytokine receptors described above, these receptors do not possess intrinsic kinase activity, but they have signal-transducing proteins associated with their cytoplasmic domains (26) . The ligands for these receptors are noncovalent trimers, and the x-ray structure of the TNF-β trimer complexed with TNFR-1 confirmed that this cytokine binds a trimeric receptor (15) . It has not been determined whether receptor dimerization would be sufficient for activation or whether trimerization is required. Support for a requirement for trimerization comes from the observation that monoclonal antibodies against the receptor do not lead to receptor activation, while activation does occur after stimulation by two monoclonal antibodies directed against different epitopes (27) . On the other hand, another member of this family, Fas, was discovered by a systematic search for monoclonal antibodies that would rapidly kill cells (28) . There is some evidence that these receptors are dimeric when uncomplexed, in a conformation that would inhibit signaling in the absence of ligand (29 The mechanism by which receptor aggregation leads to transduction of downstream signals remains unclear. Several proteins associated with the cytoplasmic domains of these receptors have recently been identified; however, their functions are still under investigation. TRAF-1, -2, and -3 are associated with TNFR-2 and form homo-and heterodimers (30, 31) . Both a heteromeric complex composed of TRAF-1 and TRAF-2 as well as TRAF-2 homodimers can associate with the C-terminal signal transducing component of TNFR-2; although TRAF-1 is also capable of forming homodimers, association with TNFR-2 appears to be mediated by TRAF-2 (30). Since these proteins have distinct expression patterns, it is possible that tissue-specific combinations of TRAF proteins exist and have specific functions (26) .
ANTIGEN RECEPTOR SIGNALING The B cell and T cell antigen receptors are multisubunit complexes containing distinct antigen binding and signal transduction subunits and appear to signal by similar mechanisms; for the purpose of this review, we discuss signaling by the T cell receptor (TCR). The TCR contains variable, disulfide-linked α and β chains that have large extracellular domains responsible for antigen recognition but have minimal intracellular domains. These are noncovalently associated with invariant CD3 γ , CD3 δ, and ζ -chain dimers, which have larger cytoplasmic domains (than the antigen recognition subunit) that couple the receptor to the intracellular signaling machinery (32) . The TCR recognizes foreign antigens in the form of peptides bound to MHC molecules on the surface of antigen presenting cells.
The signal transducing function of the invariant chains of the TCR complex was initially revealed by studies with chimeric receptors in which their cytoplasmic domains were linked to the extracellular and transmembrane domains of other proteins. Cross-linking of such chimeric proteins induced early and late signal transduction events, independent of the antigen recognition chains (33, 34) , indicating that the TCR is activated by oligomerization. Later studies provided further evidence that oligomerization but not dimerization of the intracellular regions of the TCRz chain was required for signaling, suggesting that the fundamental activating event provided by antigen interactions was receptor oligomerization (11, 35) . Recent biophysical studies of TCR/MHCpeptide complexes reveal that these complexes oligomerize in solution to form supramolecular structures at concentrations near the dissociation constant of the binding reaction (36) . This effect is specific, as neither molecule forms oligomers by itself, nor are oligomers observed unless the correct peptide is bound to the MHC. The peptide-specific oligomerization observed in these studies suggest that slightly different antigens could produce large differences in the extent and character of a T cell response, if the formation of larger receptor aggregates generates stronger downstream signals. Aggregation of the TCR complexes may also be enhanced by the CD4 and CD8 co-receptors, which interact with nonpolymorphic regions of MHC class II or MHC class I (respectively) and the TCR, and increase the avidity of association of the TCR/MHC complex (32) . Recent structural studies reveal that the CD4 extracellular domain forms a dimer at high concentrations, suggesting that this molecule may enhance the formation of a network of TCR/MHC complexes (37) . Indeed, when the many point mutations in CD4 that affect interaction with MHC are mapped onto its three-dimensional surface, it appears that each CD4 molecule must interact with two different MHC molecules (37) . Another role fulfilled by CD4 is to recruit the Lck tyrosine kinase to the MHC/TCR complex, by virtue of Lck's association with the CD4 cytoplasmic tail. Lck phosphorylates tyrosines in the cytoplasmic domain of the CD3 chains, and these phosphorylated tyrosines become substrates for binding of the two SH2 domains of the ZAP70 tyrosine kinase, which propagates the signal from the TCR. This level of activation is reminiscent of cytokine receptor activation, in which a receptor-associated kinase is recruited to phosphorylate another receptor in the complex that in turn recruits a downstream signaling molecule.
Bcl-2 Family Dimerization
The physiological cell death pathway is regulated by a delicate balance of proteins that either induce or inhibit cell death (38) . The Bcl-2 family of proteins plays a central role in the regulation of apoptotic cell death induced by a wide variety of stimuli. Heterodimerization between members of the Bcl-2 family of proteins is a key event in the regulation of programmed cell death. Bcl-2 was first identified via chromosomal translocations found in lymphomas characterized by abnormal cell survival rather than proliferation. These translocations result in deregulation of Bcl-2 gene expression and cause inappropriately high levels of Bcl-2 protein production, suggesting a role for Bcl-2 in preventing apoptosis. Following the initial characterization of Bcl-2, a related protein, termed Bax, was identified and shown to heterodimerize with Bcl-2, while homodimerizing in the absence of Bcl-2 (39). Overexpression of Bax was shown to accelerate apoptotic cell death induced by cytokine depravation and to counter the activity of Bcl-2 (39) . This data suggested a model in which the ratio of Bcl-2 to Bax determines survival or death following apoptotic stimuli (39) . In this model, Bax-Bax homodimers promote apoptotic cell death, and the disruption of these homodimers by Bcl-2 prevents apoptosis. Experiments in yeast support this hypothesis: Overexpression of Bax in yeast confers a lethal phenotype, which can be neutralized by Bcl-2 (40). Furthermore, mutations in Bcl-2 that disrupt Bcl-2-Bax heterodimerization but not Bcl-2 homodimerization are not permissive for Bax neutralization by Bcl-2, further suggesting that Bcl-2 operates like a dominant negative by inhibiting a pro-death function of Bax. Subsequently, a number of other mammalian Bcl-2 family members were identified, including Bcl-X (whose gene generates two alternatively spliced forms, Bcl-XL and Bcl-XS), Mcl-1, A1, Bad, Bak, and Bik. These related proteins share conserved BH1 and BH2 domains, and sometimes a BH3 domain, that are required for dimerization. Some of these proteins function as promoters of cell death, while others function as suppressers of cell death. Sedlak et al (41) used a yeast two-hybrid analysis to rank the order of dimerization among Bcl-2 family members. Their study demonstrated that the Bax-Bax homodimer is more stable than the Bcl-2-Bax heterodimer. Bax can dimerize with multiple partners, including Bcl-XL, Mcl-1, and A1, consistent with the observation that these are all proteins that are, like Bcl-2, suppressors of cell death. Bcl-XS, an alternatively spliced form of Bcl-XL that counters the protection from cell death by Bcl-2, lacks the BH1 and BH2 domains and selectively interacts with Bcl-2 and Bcl-XL. Although there are tissue-specific patterns of expression for some Bcl-2 family members, certain cells express multiple family members. In this case, the susceptibility to death would reflect a complex setpoint determined by competing protein-protein interactions of varying affinity.
The solution structure of Bcl-XL complexed with a peptide from Bak, a Bcl-2 family member that promotes apoptosis, reveals the molecular basis for heterodimer formation (42) . This Bak peptide corresponds to a portion of the BH3 region that is necessary and sufficient for promoting cell death and binding to Bcl-XL. This same region from Bax and Bik also promotes apoptosis and interacts with Bcl-XL. The structure shows that this peptide adopts an α-helical conformation and binds in a hydrophobic cleft formed by the BH1, BH2, and BH3 regions of Bcl-XL. Structural studies also revealed that the Bcl-2 family proteins bear a striking similarity to the pore-forming domains of certain bacterial toxins that act as channels for either ions or proteins (43) . Indeed, there is direct evidence that Bcl-2, Bcl-XL, and Bax have ion-channel activity when incorporated into synthetic lipid membranes (44) (45) (46) and that Bcl-2 can interfere with the ability of Bax to form channels (46) . However, the biochemical basis for the pro-apoptotic and apoptotic actions of these proteins remains uncertain.
Smad-Family Dimerization
The recently identified Smad-related family proteins have provided a greater understanding of signal transduction by the TGF-β family molecules, and their function appears to be regulated by dimerization. Available data suggest that the functional dimer complex is comprised of a "pathway-restricted" subunit (Smads 1, 2, 5, and 5) and a "common" subunit (Smad4). These associations occur upon receptor-mediated phosphorylation of the pathway-restricted SMADs. In the case of TGF-β, the activated receptor phosphorylates Smad2 and perhaps Smad3 on C-terminal serine residues, allowing these proteins to associate with Smad4 and translocate to the nucleus where they bind DNA and activate transcription of target genes in association with other proteins (47, 48) . Similarly, for bone morphogenic proteins, the activated receptor phosphorylates Smad1 and perhaps Smad5, which associate with Smad4. The recent crystal structure of the C-terminus of Smad4 reveals that the individual family members are actually trimeric and that an exposed surface loop likely mediates formation of a dimer of trimers between family members (49) . Biochemical evidence suggests that the association event is probably regulated by an intramolecular interaction between the N-and C-termini that is interrupted by phosphorylation by the receptor, thus allowing hetero-oligomerization between the Smads (50). Thus, it appears that a regulated monomer-to-dimer transition may control the activity of Smad family proteins.
Transcription Factor Dimerization
Most extracellular signals are eventually transduced to the nucleus to elicit changes in gene expression. One of the most common dimerization events in signal transduction is the dimerization of transcription factors. As discussed above, dimerization of DNA-binding proteins increases sequence specificity since twice as many DNA contacts can be made by a dimer as by a monomer of the same protein. Some of the largest families of transcription factors that bind DNA as dimers include the nuclear hormone receptors, the STATs, the bZIP proteins, and the bHLH proteins.
NUCLEAR HORMONE RECEPTORS Lipophilic hormones such as steroids, retinoic acid, thyroid hormone, and vitamin D3 function by interacting with ligandactivated transcription factors that comprise the steroid/nuclear receptor superfamily. These include the receptors for the steroids estrogen (ER), progesterone (PR), mineralocorticoid (MR), and androgen (AR). Also included are receptors for thyroid hormone (TR), vitamin D (VDR), retinoid acid (RAR), and 9-cis retinoic acid (RXR). Additionally, a number of "orphan" receptors have been isolated for which ligands have not been defined. This family of transcription factors provides perhaps the most intricate examples of how cross-family dimerization can lead to desired changes in gene expression.
The nuclear hormone receptors bind to bipartite response elements as homodimers or heterodimers through a small, highly conserved DNA-binding domain containing two zinc-binding subdomains (51) . The DNA sequences responsive to steroid hormones have been termed hormone response elements (HREs), and they generally contain two hexameric half-sites. Three features characterize these response elements: the nucleotide sequence of the half-site, the relative orientations of the half-sites, and the number of base pairs separating the two half-sites (52, 53) . While GR, PR, ER, AR, and MR bind to DNA as homodimers and recognize a palindromic response element, other receptors including TR, RAR, VDR, and RXR can recognize direct repeat response elements (52, 53) . This latter group of receptors can form heterodimers with each other. TR, RAR, and VDR bind to their cognate DNA responsive elements with higher affinity as heterodimers with RXR than as homodimers, and it has been predicted that the heterodimer is the major functional complex for these receptors (51) . The observation that TR, RAR, VDR, COUP-TF, PPAR, and RXR all bind to direct repeats of AGGTCA raised the question of how they discriminate their binding sites. Biochemical studies revealed that RARs activate transcription preferentially through direct repeats spaced by two or five nucleotides, whereas VDR and TR activate through direct repeats spaced by three and four nucleotides, respectively (52, 53) . RXR-PPAR heterodimers as well as RXR homodimers activate through direct repeats spaced by one nucleotide; thus, all spacing options from one to five nucleotides are used by distinct dimeric complexes (54) .
The nuclear hormone receptors contain at least two dimerization interfaces: one in the DNA-binding domain and one in the ligand-binding domain. The three-dimensional structures of three receptor-DNA complexes have been solved, revealing the molecular nature of the DNA-binding domain dimerization interface. Crystal structures of receptors bound to both dyad-symmetric [ER (55) and GR (56) homodimers] as well as asymmetric direct repeats [TR + RXR heterodimer (57)] have been solved, showing the distinct strategies for bringing different regions of the proteins to the dimerization interface. These domains are monomeric in the absence of DNA, and the structures show how a dimerization interface forms to fit precisely to a half-site orientation and spacing. The dimerization properties of the ligand-binding domain appear to function in stabilizing the receptor-DNA complexes but have no selective power for response element recognition (58) . An orphan nuclear hormone receptor termed SHP lacks the DNA binding domain but can still dimerize with other receptors via its ligand-binding domain and in this way appears to function as a negative regulator of receptor-dependent signaling pathways (59) .
STAT DIMERIZATION A few years ago the STAT family of transcription factors was described; these proteins form dimers and mediate the action of many cytokines. As discussed above, cytokine-induced dimerization of their receptor components leads to the activation of JAKs, which are constitutively associated with the cytoplasmic domains of the respective receptors. One substrate of the activated JAKs is the receptor itself. Upon phosphorylating specific tyrosine residues of the cytoplasmic tail of the receptor, STAT factors are recruited to the receptor via their SH2 domain, where they are tyrosine phosphorylated by the JAKs. Upon phosphorylation, the STATs dissociate from the receptor, form homo-or heterodimers, and translocate to the nucleus to bind enhancer elements of target genes. Considerable evidence indicates that tyrosine phosphorylation of STATs leads to dimerization through the intermolecular interaction of the SH2 domains and the sites of tyrosine phosphorylation (60) . This dimerization is essential for DNA binding and may also control nuclear localization. Interestingly, there exists a naturally occurring splice variant of STAT1, termed STAT1b, that lacks the 38 carboxyl amino acids required for transcriptional activation. When recruited to the receptor complex, STAT1b becomes phosphorylated and binds DNA, but fails to activate gene transcription (2) . This protein thus acts as a dominant negative.
In response to cytokines, specific subsets of STAT proteins are activated. This specificity is apparently not controlled by the JAKs, but by the ability of individual receptors to recruit specific STATs. Formation of a paired set of STAT binding sites in a receptor complex, however, is not required for STAT factor dimerization. Instead, available data suggest that a phosphorylated STAT monomer already bound to the tyrosine phosphorylated receptor binds a second STAT factor, which then becomes phosphorylated, and a stable dimer is formed (61) .
The highly conserved DNA-binding domains of the seven known STATs bear no similarity to other known DNA-binding domains. STATs generally bind to very similar, symmetric sequences, raising the question of how STATs activate specific target genes when they have similar DNA binding preferences. A study by Xu et al (62) provided one clue toward resolving this dilemma. This group demonstrated that a conserved amino terminal domain in the STAT proteins mediates cooperative DNA binding interactions between STAT dimers on naturally occurring multimerized binding sites, and that these cooperative interactions enable the STAT proteins to recognize variations of the consensus site. Thus, the STATs form dimers in solution and then form higher order oligomeric complexes on DNA.
BASIC HELIX-LOOP-HELIX PROTEINS The basic region/helix-loop-helix (bHLH) family of transcription factors play important roles in the generation of celltype specific gene expression. This motif was originally identified by sequence comparisons of the eukaryotic transcription factors E12 and E47 (which bind to immunoglobulin enhancers) and the eukaryotic transcription factors MayoD, Myc, Daughterless, and Achaete-scute (63) . These proteins contain a highly conserved basic region required for DNA binding, adjacent to the HLH motif, which mediates dimerization. These proteins are characterized by their ability to bind to the E-box enhancer sequence, CANNTG. Crystal structures of four bHLH-DNA complexes have been determined, revealing the overall conformation of the bHLH motif and how it interacts with the E-box (64) (65) (66) (67) structures show that the two helices of each monomer cross each other at the loop region and interact with the other monomer to form a left-handed parallel fourhelix bundle (68) . The basic region forms a helix that is continuous with helix 1 of the HLH and lies in the major groove of the DNA. Two subclasses of the bHLH family contain additional regions that contribute to the dimerization interface. One class, which includes Max and upstream stimulatory factor (USF), have a leucine zipper immediately C-terminal to the second helix of the HLH. Another more recently identified class, which includes the dioxin receptor and its partner Arnt, contains a PAS domain juxtaposed to their bHLH domains (69) .
Extensive genetic and biochemical studies of bHLH transcription factors have revealed a hierarchy of regulatory heterodimerization events among the subfamilies of these proteins. One of the first identified and best characterized bHLH proteins is MyoD. The myoD gene is expressed exclusively in skeletal muscle, and expression of a myoD cDNA will induce a variety of differentiated cell lines to exhibit many of the characteristics of muscle cells (70) . The 68 amino acid bHLH of MyoD is necessary and sufficient for this activity (71) . Although MyoD is capable of binding to DNA as a homodimer, the E47-MyoD heterodimer has a tenfold greater affinity for the target sequence. A negative regulator of MyoD named Id was subsequently identified that contains the HLH dimerization domain but lacks a basic region. This protein can form oligomers with MyoD, E12, and E47, but these complexes fail to bind DNA (4). Interestingly, in proliferating myoblasts, Id levels are high, suggesting that Id prevents MyoD and/or E47 from activating muscle-specific genes in myoblasts.
Another well-studied bHLH regulatory system involves the Myc, Max, and Mad bHLH-LZ proteins. The c-Myc oncoprotein does not homodimerize or bind DNA on its own but can heterodimerize with Max to mediate its functions as a transcriptional activator and a transforming protein (72) . Although Max preferentially dimerizes with Myc, it can also form homodimers that bind DNA and thereby repress transcription and inhibit transformation by Myc. Max can also heterodimerize with two other bHLH-LZ proteins, Mad (73) and Mxi1 (74) . Like Myc, these proteins do not homodimerize or bind DNA on their own, but preferentially heterodimerize with Max to recognize the same CACGTG E-box as Myc-Max homodimers. These proteins appear to modulate transcriptional activation by Max. In a transient transfection reporter assay, Myc-Max heterodimers activate transcription, and this activation is suppressed by addition of increasing amounts of Mad (73) . A functional correlate of these observations has been demonstrated by Ayer & Eisenman (75) , who have shown that, in the undifferentiated U937 monocyte cell line, Max was complexed with Myc but not Mad. Mad-Max complexes began to accumulate as early as 2 h after induction of macrophage differentiation with TPA and, by 48 h following treatment, only Mad-Max complexes were detectable. These data show that differentiation is accompanied by a change in the composition of Max heterodimers and, therefore, a change in gene expression.
THE BZIP FAMILY The leucine zipper is one of the simplest of dimerization interfaces, yet it can mediate highly selective and avid protein associations. It was first identified as a sequence motif in C/EBP and GCN4 (76, 77) and has been recognized as an interaction surface in many transcription factors (78) . It derives its name from the ≈35 amino acid region containing a leucine every seven residues and an alternate hydrophobic residue at the fourth position after each leucine. The crystal structures of two bZIP-DNA complexes have been solved: a homodimeric complex of the yeast GCN4 bZIP domain (79) and a heterodimeric complex of c-Fos and c-Jun (80) . These structures, as well as the earlier structure of the isolated GCN4 leucine zipper (81) , revealed that leucine zipper dimers form a parallel, coiled-coil in which the 4,3 hydrophobic repeat is buried in the dimerization interface between the helices. Charged and polar side chains on the outside of the coiled-coil form inter-and intrahelical interactions that mediate the specificity of complex formation (82) . The N-terminal basic regions, which make all of the DNA contacts, form helices that are continuous with the leucine zipper helices.
Two general types of DNA elements are recognized by these proteins: the AP-1/TRE and the ATF/CRE sequence motifs. The AP-1/TRE element contains the consensus sequence TGACTCA, which has pseudo-dyad symmetry. The binding proteins for this site include the Fos and Jun families, which are induced by mitogenic, differentiation-inducing, and neuronal-specific stimuli. The ATF/CRE element contains the consensus sequence TGACGTCA, which has perfect dyad symmetry. The binding proteins for this site have been implicated in cAMP-, calcium-, and virus-induced alterations in transcription (7) . Biochemical studies have shown that members of the Fos/Jun family can sometimes cross-dimerize with members of the ATF/CREB family to form heterodimers that have different DNA binding activities than their parental homodimers (7) . AP-1 is perhaps the best-characterized bZIP transcription factor and is a heterodimer of members of the jun and fos families. Based on its kinetics of transcriptional activation by growth factors and its location in the nucleus, the c-Fos protein was expected to be directly involved in the regulation of growth factor inducible genes. However, no DNA binding by c-Fos could be demonstrated prior to the identification of c-Jun (83) . Cotransfection of c-Fos with c-Jun gave higher expression of an AP-1-driven indicator gene than c-Jun alone, while c-fos alone gives no activation. This synergism appears to be related to the fact that c-Fos and c-Jun form more stable dimers that c-Jun alone, and that c-Fos does not dimerize with itself at all (84) (85) (86) . These associations extend to other members of these families, including JunB, JunD, (87) (88) (89) ; therefore, the composition of the complex changes from predominantly Jun homodimers before induction, to mostly Jun-Fos heterodimers immediately after induction. The formation of this heterodimeric complex appears to be a critical regulatory step during cell signaling and cellular transformation.
Calcium-Mediated Dimerization
Intracellular calcium levels undergo dramatic changes in response to environmental changes. In turn, these changes in calcium concentration play an essential role in a wide variety of events, including fertilization, synaptic vesicle fusion, and lymphocyte activation. Calcium mediates conformational changes in a number of proteins, and in some cases, these conformational changes lead to dimerization. Thus, certain calcium-regulated biological responses are transmitted via protein dimerization.
The synaptic vesicle protein synaptotagmin serves as the major calcium sensor for regulated exocytosis from neurons. Synaptotagmin is an integral membrane protein, containing a short amino-terminal intravesicular domain and a large cytoplasmic domain. Disruption of this gene abolishes the fast component of calcium-dependent exocytosis. In vitro studies of this protein revealed that the cytoplasmic domain undergoes a dramatic calcium-dependent conformational change which leads to dimer formation (90) . Thus, it appears that the calcium-induced homodimerization of synaptotagmin is important for the efficient regulation of exocytosis by calcium.
Another important calcium-regulated dimerization event is that of E-cadherin. The cadherins mediate cell adhesion and play a fundamental role in normal development (91) . Cadherins depend on calcium for their function and, in the case of E-cadherin, calcium induces a dramatic reversible conformational change in the entire extracellular region to its functional form. The crystal structure of E-cadherin in the presence of calcium has revealed that the calcium ions act not only to linearize and rigidify the molecule, but also to promote dimerization between two monomers (92) . The dimerization of E-cadherin in the presence of calcium may at least in part explain the requirement for calcium for the maintenance of cell junctions (92 
Design of Dominant Negative Dimerization Partners
Landano & Doolittle (93) first demonstrated that multimeric proteins can be negatively regulated through interaction with variants or fragments lacking key functional domains. As described above, there are many naturally occurring examples of such "dominant negatives." Researchers have used this approach to design dominant negative dimerization partners. For example, variant cell surface receptors have been produced that retain the ligand-binding and transmembrane domains but lack or have mutations in the cytoplasmic domain. When such a variant of the FGF receptor was expressed in Xenopus embryos, it disrupted mesoderm formation (94) , revealing the important role the FGF signaling pathway plays in early embryogenesis. Likewise, polypeptides complementary to the leucine zipper of CREB have been coexpressed in cells and can be used to interfere with expression of a reporter gene driven by a CREcontaining promoter (95) . A wide variety of such "poison subunit" experiments are possible and a great deal of information has been accumulated through use of this strategy. As with natural inhibitors, the effect of expressing these subunits is dictated by the concentration of the dimeric subunits and the level of the native complex required for a biologic action.
Regulating Biological Responses Using Small Synthetic Ligands that Promote Protein Association
The concept of promoting protein association as a means of regulation has inspired the design of a system to inducibly associate proteins. These methods take advantage of the observation that many proteins can be activated by bringing them in proximity with one another or by recruiting them to the plasma membrane where they may interact with similarly localized proteins. In this technique, low-molecular-weight organic molecules that permeate cells are used to induce the "dimerization" of two protein targets, thus earning them the name "chemical inducer of dimerization" or CIDs (11, 96) . By analogy to extracellular growth factors or cytokines, these CIDs are equipped with two binding surfaces that recognize specific protein modules that have been fused to target proteins. Addition of the CID to cells containing these chimeric proteins induces their association (96) . Furthermore, dimerization can be rapidly reversed with a CID having only one of the two binding surfaces. Many of the forms of dimerization-dependent regulatory events described in this review can be mimicked with this simple strategy.
The first use of CIDs in the regulation of signal transduction was oligomerization of cell surface receptors that lacked their transmembrane and extracellular regions but contained intracellular signaling domains. A protein chimera containing a TCR ζ -chain cytoplasmic domain with a myristilation signal for membrane localization, and a CID-interaction module, was introduced into cells, and treatment of these cells with the appropriate CID resulted the activation of a TCR-responsive reporter gene (11) . Subsequently, CIDs have been used to activate other pathways using related strategies (Table 2) . Together, these examples demonstrate how the inducible control of protein proximity is a powerful tool to regulate a desired biological response in a reversible fashion.
CONCLUSIONS
Regulated dimerization events play multiple roles in nearly all signal transduction pathways, beginning at the cell surface and continuing to the nucleus. We have tried to catalogue and to provide a rationale for some of the better-studied regulatory mechanisms controlled by protein dimerization. The purpose of this exposition was to provoke thought and provide examples that might be subject to experimental manipulation in informative ways. The recent development of ways of rapidly and reversibly altering dimerization and, more broadly, protein associations, will hopefully facilitate a synthesis of biochemical and genetic approaches to mammalian biology.
